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Abstract 
Cold drawing is widely applied in the industrial production of seamless tubes, employed for various mechanical 
applications. During pre-processing, deviations in tools and their adjustment lead to inhomogeneities in the geometry 
of the tubes and can cause a gradient in residual stress.  
A three dimensional finite element (3D- FEA)-model was developed to calculate the change in wall thickness, 
eccentricity, ovality and residual macro – stress (RS) state for cold drawn tubes. The FE model can also predict the 
tube quality and tolerances to be expected under different process conditions and define the most effective process 
parameters to influence the tolerances. Results of RS measurements and simulation are presented.  
For validating the model, neutron strain imaging measurements have been performed on SALSA at the Institute Laue 
Langevin (ILL, Grenoble, France) on a series of SF-copper tubes, produced under controlled laboratory conditions. 
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1. Introduction 
Seamless tubes are used for various mechanical applications, often produced by extrusion and 
followed by several cold drawing steps to reach the final dimensions. The precision of drawn tubes 
strongly depends on their process conditions, especially on the geometry of the tools. They influence the 
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material flow being inhomogeneous over circumference because of deviations of wall thickness and can 
be characterized by geometrical data and their stress and texture behaviour. The evaluation of such 
parameters requires a multidisciplinary research and the application of a variety of analytical methods.  
Residual stress (RS) evaluation is an important stage in the improvement of the performance of the 
material, the control of the deformation, the time life of the component and the understanding of the 
industrial process. The RS are the auto-balancing stresses that exist in a material that is submitted either 
to no forces or external stresses and that are in a constant temperature condition. In general, these residual 
stresses are caused by an in-homogeneity in deformation, from some source of local incompatibility 
which is generated from one or more of three fundamental physical origins: plastic flow, volume change, 
and thermal dilatation. Incomplete or inhomogeneous relaxation of the elastic deformation associated 
with these phenomena leads to residual stresses. In the solid these are additionally local incompatibilities 
caused by crystal defect, dislocations, grain boundary, second phase particles, etc. The exact origin of 
stress is therefore going to depend on the scale of observation.  
Fig. 1 sketches the activities done to reach the goal for defining the interdependencies between the 
development of geometrical tolerances and residual stresses in precision drawn tubes and the process 
conditions. 
      
Fig.1. Flow chart of the activities done and interdependencies in the program 
In this paper the simulation of RS and its verification by ND measurement is introduced for drawn 
precision tubes. Information on the 3D-stress field in precision drawn tubes has significant value and 
provides a basis of commercial and scientific importance for the quantifying of RS induced in engineering 
samples. Therefore, the experimental determination of RS by neutron diffraction (ND) [1-2] is an 
indispensable stage in the validation of any micromechanical theoretical approach to simulate the material 
performances in operating conditions. Indeed, ND is a very powerful tool to this end, allowing the precise 
evaluation of RS in the bulk material in a non-destructive way. By this technique, the interplanar distance 
d of a particular set of lattice planes (hkl) is determined by means of the Bragg’s law; its deviation from 
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the unstrained value d0 defines the interplanar strain 00 )( ddd −=ε , from which RS can be calculated 
using the Hooke’s law.  One type of specimen was considered in the present work, in order to determine 
the RS level induced by the production procedures. The copper tube investigated was produced by 
extrusion, twice cold drawn and stress annealed – this was the starting condition for all tubes investigated 
- before being finally cold drawn without a plug under controlled laboratory conditions to its final 
dimension under variation of eccentricity. 
1.1. Processing route 
The geometry of the tube was determined in longitudinal and circumferencial direction before and 
after drawing to get a complete overview of the thickness deviations and change of eccentricity in the 
tube. Processing was done starting with extruded copper tubes (DIN SF-Cu: 99.90 % min Cu, 0.015-
0.040 % P) 85 mm∅ × 5.0 mm (diameter × wall thickness), drawn twice in a cold drawing process to 50 
mm∅ × 4.0 mm and then been stress annealed before drawn with a constant speed of 5 m/min to their 
final dimension (see Table 1). The global geometrical data are given in Table 2.  
Table 1. Steps of fabrication. 
Cold drawing route 
→ Machined ingot → Extrusion → Cold draw 1 
→ Cold draw 2 → Annealing → Final draw 
Table 2: Geometrical data of the tube investigated before (pre-tube) and after the final drawing.  
Parameter Before After 
Outer Ø (mm) 48.0 40.0 
Average thickness (mm) 4.2 4.37 
ǻ thickness ǻt (mm) 0.8 0.54 
Eccentricity E (%) 9.5 5.4 
 
Eccentricity (E) - the deviation of the wall thickness of the tube from its average value - of pre-tubes 
causes non homogeneous deformation over circumference during the drawing steps. Tubes’ geometry 
parameters are given in Table 2, where the data before final drawing are compared with that ones after 
drawing. The presented copper tube was processed without a plug. Friction was reduced by thoroughly 
lubricating the tubes inside and outside with a standard industrial lubricant for copper drawing. The 
geometrical dimensions of the die - drawing angle, radius and length of the cylindrical part - are given in 
Fig. 2 (right). On the left side the process of tube drawing with a plug (left) is sketched.  It can be seen 
that drawing with a plug enables to reduce the final thickness in the tube whereas a draw without a plug 
always leads to an increase of the wall thickness. 
1.2. Finite Element Model 
To simulate the drawing process ABAQUS was used in our 3D-Finite Element Model (FEM); 
beginning with material parameters taken from measurements, and measuring the pre-tube geometry and 
boundary conditions for the tools [4-5]. The tools are considered to be rigid, fixed in three dimensions. 
Only the plug is allowed to move in its vertical direction.  The drawing process is divided in sections 
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considering different bounding conditions: first the pre-tube is brought in contact with the die and then 
the tube is slowly pushed until it is in contact with the plug. The last two steps are done with the tube 
reaching the end of the tool and being drawn with a constant speed under stationary conditions. Friction is 




Fig. 2.  Schematic drawing process with plug (left) – plug missing in our case-; Cross-section of the die used. (right) 
 
1.3. Residual strain measurement 
From all non-destructive residual stress techniques [1-2], neutron diffraction was chosen because it is 
well adapted to evaluate stresses in bulk material. The experiments presented in this article were 
performed on the strain imager for engineering applications SALSA at the Institut Laue-Langevin 
(Grenoble, France).  SF-Cu has a face-centered-cubic structure with space group Fm3m and lattice 
parameter a0 = 0.36148 nm.  
Tri-axial residual strain measurements were performed using the high resolution configuration of 
SALSA with three collimators [6]. These measurements were done in three orthogonal orientations, 
assuming the principal axes correspond to the sample symmetry, axial, radial, and hoop. The instrumental 
gauge volume had the dimensions: 0.6 x 0.6 x 2 mm3. The family of planes {311} at a diffraction angle 
of 2Ĭ~102° was used at a wavelength of Ȝ = 0.1699 nm. Through thickness scans at 18 points across the 
approx. 4 mm thick wall with 0.3 mm spacing were performed at maximum and minimum wall thickness.  
The precise dimensions of the tube were determined using the CMM (Co-ordinate Measuring 
Machine) of the FaME38 laboratory. The elastic constants used were 116 GPa for the Young’s modulus 
and 0.36 for the Poisson’s ratio. The set-up for the measurements is shown in Fig. 3. In our designation 
"minimum" corresponds to the minimum wall thickness. These data had been used for choosing the 
measuring positions and for data analysis. Peak-fits were done using LAMP.  
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Fig. 3. Image of the sample and a sketch of upper cut view. Through thickness scans in 0.3 mm steps  
In order to determine the stress field from the inner to outer surface, through surface scans had been 
performed. The surface errors were corrected mathematically using information from instrument 
alignment measurements. The mathematical model had been developed by the instrument responsible and 
takes into account the cylindrical geometry of the sample [6]. 
2. Results and Conclusion 
Fig. 4 shows the simulated (continuous line) and measured (measuring points with error bars) residual 
stress distribution across the thickness in the area of minimum and maximum wall thickness. It can be 
seen that the radial stress component has the expected small level (< ±100 MPa), starting around zero at 
the inside (position at “0”) to slightly compressive state at the outside of the tube (position at 4 mm, 
external surface). The axial component shows the strongest change in stress over thickness starting on the 
inside with a strong compression (-400 MPa) and a broad plateau (approx. 200 MPa). The hoop 
component changes from compression at the inner surface (approx. -200 MPa) to tensile in the outer 
region, increasing pressure level to centre and then changing to tension to the outside (180 MPa). The 
positions directly at the surfaces were corrected by boundary effects.  
There is no significant difference between the stress evolution of the thinnest and the thickest wall 
parts of the tube without a small shifting in the position of zero stress. Furthermore, a significant effect is 
the behaviour at the outer side of the tube, where a clear plateau is visible for both areas. This is in good 
agreement with the FEM, which corresponds to other measurements done previously by the authors [5]. 
Moreover, compared to FEM calculations, the level of the residual stresses calculated by measured strains 
is matching. From these results, it is clear that eccentricity has no significant influence on the RS 
distribution though circumferential flow is given locally. 
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Fig. 4. Profile of residual stress in minimum and maximum wall thickness (position “0” internal surface of the tube). 
This understanding will lead to the selection of relevant process parameters for optimizing the residual 
stress field. This whole area of “process and stress engineering” is of technological significance to 
advancing performance in many technology applications limited by residual stress and structural integrity 
interactions. The obtained residual stress data will help to validate our FE model predictions of this 
process, and ultimately the work will lead to a better understanding of drawing processes in general.  
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